Background {#Sec1}
==========

Inflammation is widely recognised as an important component of perinatal brain injury \[[@CR1], [@CR2]\]. Persistent inflammation is thought to negatively impact ongoing developmental processes and potentially sensitise to later life pathologies \[[@CR3], [@CR4]\]. The central nervous system (CNS), with its developmentally distinct population of mononuclear phagocytes \[[@CR5]\], immune-suppressive environment and highly regulated interactions with the innate and adaptive arms of the immune system \[[@CR6]\], is viewed as an immune-specialised organ \[[@CR7]\]. In response to pathological insult, the immature CNS actively upregulates numerous chemoattractant molecules including the binding partners of CCR2 (CCL2 and CCL7), CCR1 and CCR5 (CCL3) and CXCR2 (CXCL1) \[[@CR8]\], respectively known for their roles in emigration of Ly6C^hi^ monocytes from the bone marrow and recruitment of monocytes into inflamed tissue \[[@CR9]\]. Indeed, accumulation of macrophages \[[@CR10]\], neutrophils \[[@CR11]--[@CR13]\], mast cells \[[@CR14]\] and NK cells \[[@CR11]\] occurs in response to neonatal hypoxia-ischemia (HI). An important question yet to be satisfactorily addressed in neonatal injury models is the relative contribution of microglial-derived macrophages (MiDMs) vs that of monocyte-derived macrophages (MDMs) to the CNS macrophage pool: historically, discrimination between these cell types has proved difficult due to their assumed similar morphology and common expression of cell surface epitopes such as Fc and complement receptors, CD11b, F4/80 \[[@CR15]\] and CD45 \[[@CR16]\]. Despite such shared characteristics, MiDMs and MDMs are increasingly appreciated to play differing roles in the context of CNS insult \[[@CR17]\]. Matters are further complicated by the non-homogenous nature of blood-borne monocytes; at least two distinct subsets have been identified and classified as inflammatory and resident monocytes \[[@CR18]\]. Inflammatory monocytes represent a relatively short-lived population that is actively recruited to inflamed tissue \[[@CR18], [@CR19]\], whereas resident monocytes are physiologically recruited to non-inflamed tissue \[[@CR18]\] and have the capacity to rapidly respond to tissue damage or infection \[[@CR20]\]. These monocyte subsets display differential migratory dynamics in adult cerebral ischemia: inflammatory monocytes make a rapid but transient appearance, while resident monocytes display a delayed but progressive accumulation \[[@CR21]\]. The inflammatory characteristics of each subset may underpin such dynamics: inflammatory monocytes upregulate inflammatory mediators including *TNFα* and *IL1*, while resident monocytes display a more reparative phenotype with elevated expression of genes involved in tissue remodelling such as *arg1* and *Fizz1* \[[@CR20]\], drawing comparisons respective to M1 and M2 macrophage phenotypes \[[@CR22]\].

Here, we employed immunohistochemistry and flow cytometry to investigate MDM and granulocyte infiltration in the post-ischemic neonatal brain. We performed experimental HI on postnatal day (P) 9 *Lys*-EGFP-*ki* mice, allowing identification of peripheral myeloid cells in the brain \[[@CR23], [@CR24]\]. For the first time, we describe the differential dynamics of resident and inflammatory monocytes in this model and that inhibition of myeloid cell accumulation in the brain protects against HI injury in male, but not female, neonatal mice.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Pregnant C57BL/6J dams were sourced from Janvier Laboratories (Le Genest-Saint-Isle, Fr). *Lys-*EGFP-*ki* mice were obtained from Dr. Tomas Graf, Autonomous University of Barcelona \[[@CR22]\]. Animals were housed and bred at the University of Gothenburg's Laboratory for Experimental Biomedicine on a 12-h light-dark cycle (illuminated 07:00--19:00) at constant temperature (24 °C) and relative humidity (50--60%) with ad libitum access to food and water. All experimental procedures were approved by the Gothenburg Animal Research Ethics Committee (No. 337/2012, 139/2013, 18/2015).

Experimental hypoxia-ischemia {#Sec4}
-----------------------------

HI brain injury was induced in male and female mice on postnatal day (P) 9. Pups with body weight \< 4 g at the time of HI were excluded from experiments. The mortality rate was \< 5% throughout the study. A total of 306 animals were included in the study. Briefly, mice were anaesthetised with isoflurane in a 1:1 nitrous oxide to oxygen mix (4% induction, 2% maintenance) and subjected to permanent occlusion of the left common carotid artery. Mice were then allowed a 1-h recovery period before being transferred to a temperature-controlled (36 °C) humidified incubator for 50 min of hypoxia (10% O~2~). Sham animals were subjected to anaesthesia, and the carotid artery was exposed as above but without ligation of the artery and hypoxia.

EGFP, CD31, IBA1 and Ly6G immunohistochemistry {#Sec5}
----------------------------------------------

Mice were deeply anaesthetised and transcardially perfused with ice-cold 0.9% saline followed by 4% paraformaldehyde (PFA). Brains were rapidly removed, post-fixed in 4% PFA for 24 h at 4 °C and cryoprotected in 30% sucrose for a minimum of 3 days. Cryoprotected brains were snap-frozen on dry ice and sectioned serially at 40 μm on a Leica CM3050S cryostat (Leica, SE). Cut sections were transferred to a cryoprotectant solution (25% ethylene glycol, 25% glycerine, in 0.1 M phosphate buffer) and stored at − 20 °C. Sodium citrate antigen retrieval (10 mM sodium citrate, pH 6, 97 °C, 10 min) was performed prior to all staining procedures. Blocking of non-specific binding sites was achieved through a 30-min incubation in Tris-buffered saline (TBS) containing 3% donkey serum (hereafter referred to as blocking buffer). Sections were then incubated at 4 °C overnight with given combinations of primary antibodies which were later visualised via a 2-h room temperature incubation with relevant secondary antibodies (see Table [1](#Tab1){ref-type="table"}).Table 1Antibodies for immunohistochemistry and flow cytometryApplicationAntigenHostClone/targetReactivity\*ConjugateCompanyProduct numberDilution\*\*ImmunohistochemistryGFPRabbitPolyMouseA488InvitrogenA213111:200CD31GoatPolyMouse--R&D systemsAF36281:200Iba1GoatPolyMouse--AbcamAb50761:500Ly6GRatMono (1A8)Mouse--BioLegend1276021:250IgGDonkeyPolyGoatCF555VWR89138-4641:1000IgGGoatPolyRatCF555SigmaSAB460000701:1000Flow cytometryCD11bRatM1/70MousePE-Cy7BioLegend1012160.25 μgCD45Rat30-F11MouseAPC-CY7BD5576590.25 μgGR-1RatRB6-8C5MousePerCp-Cy5.5eBiosciences45-59310.25 μgLy6CRatHK1.4MouseAPCeBiosciences17-59320.25 μgCD16/CD32Rat2.4G2Mouse--BD5531420.1 μg\*Where antibody is reactive to multiple species, only relevant species are listed\*\*For flow cytometry, given values represent microgram antibody per 10^6^ cells

Microscopy {#Sec6}
----------

Tile-scanned images of entire brain sections were captured on a Zeiss Axio Observer upright microscope equipped with an Apotome module and Zen blue software (Zeiss, Oberkochen, DE). From each experimental group (*n* = 4), 2--3 sections at hippocampus and striatum levels were analysed. Each *z*-stack consisted of 8--10 images with a *z*-plane distance of 3 μm. All other images were captured using a Zeiss LSM 700 inverted confocal (Zeiss, Oberkochen, DE). *Z*-projections were produced in ImageJ (NIH, Bethesda, <http://rsbweb.nih.gov/ij/>), and figures were compiled in Adobe CS6.

Tissue collection and preparation for flow cytometry {#Sec7}
----------------------------------------------------

Brain samples were collected at 6 h, 1 day, 3 days, 7 days, 14 days and 28 days after HI. Mice were deeply anaesthetised and transcardially perfused with ice-cold 0.9% saline, brains were rapidly removed and dissected hemispheres were transferred to ice-cold Hanks' Balanced Salt Solution (HBSS) containing 0.5% bovine albumin serum (BSA) (hereafter referred to as FACS buffer) and kept on ice until dissociation. Single-cell suspensions were obtained through enzymatic dissociation (0.01% papain \[Bionordika, Stockholm, SE\], 0.1% dispase II \[Bionordika, Stockholm, SE\], 0.01% DNase I \[Roche, Bromma, SE\], 12.4 mM MgSO~4~ in Ca/Mg-free HBSS); briefly, samples underwent three rounds of enzymatic (10-min incubation at 37 °C) and mechanical (repetitive pipetting) dissociation. Resultant samples were passed over a 40-μm cell strainer, centrifuged (500*g*, 5 min), resuspended in FACS buffer and quantified on a BioRad TC10 automated cell counter (BioRad, Solna, SE). Samples were incubated for 15 min at 4 °C with Fc block (CD16/CD32) and then primary antibodies in relevant combinations (Table [1](#Tab1){ref-type="table"}). Stained samples were centrifuged (500*g*, 5 min), re-suspended in FACS buffer and kept at 4 °C until analysis.

Flow cytometry {#Sec8}
--------------

Cell viability was determined, in pilot experiments using 7AAD, to be 98.47 ± 0.39% (*n* = 12). Debris were excluded by gating on size and granularity (P1 gate; Fig. [1a](#Fig1){ref-type="fig"}). Myeloid cells were identified by CD11b expression; a mean (from all analyses presented herein) of 38,000 CD11b^+^ cells per sample was analysed (Figs. [1a--c](#Fig1){ref-type="fig"} and [4a](#Fig4){ref-type="fig"} for gating strategies). CD11b^+^EGFP^+^Ly6C^+^ cells were considered myeloid cells of peripheral origin and further categorised by differential Ly6C expression as inflammatory monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^int/hi^), resident monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^lo/−^) \[[@CR25]\] or granulocytes (CD11b^+^EGFP^+^Gr1^hi^Ly6C^int^) \[[@CR26]\]. All data was collected using a BD FACSCanto flow cytometer with BD FACSDiva software v.6.1.3 (BD Biosciences, Stockholm, SE); analysis was performed with FlowJo v.10 (Tree Star Inc., Ashland, OR, USA).Fig. 1EGFP^+^ myeloid cells in the brain after hypoxia-ischemia. **a--c** Gating strategy applied to all samples displaying cells isolated from the ipsilateral hemisphere at 24 h after hypoxia-ischemia (HI). Single-cell suspensions derived from ipsilateral and contralateral hemispheres of *Lys*-EGFP-*ki* mice were gated based on size (forward scatter) and granularity (side scatter) (**a**) followed by CD11b immunoreactivity (**b**) and EGFP expression (**c**). **d** EGFP^+^ cells display CD45^hi^ expression; *n* = 12. **e**, **f** Backgating shows CD11b^+^EGFP^+^ in the contralateral (**e**) and ipsilateral (**f**) hemispheres 24 h after HI. **g** Compiled data displaying presence of CD11b^+^EGFP^+^ infiltrating cells at 6 h (*n* = 8), 1 day (*n* = 7), 3 days (*n* = 23), 7 days (*n* = 19), 14 days (*n* = 14) and 28 days (*n* = 9) after HI. Values are presented as the mean ± SD. One-way ANOVA followed by Holm-Sidak's post hoc test comparing differences between hemispheres at each time point. *\*p* ≤ 0.05, *\*\*\*p* ≤ 0.001

Bio-plex cytokine analysis {#Sec9}
--------------------------

Brain and plasma samples were collected at 6 h, 1 day, 3 days, 7 days and 14 days after HI. Briefly, mice were deeply anaesthetised, blood was collected from the heart's right ventricle and transferred to EDTA-coated tubes and set aside for further processing, animals were then transcardially perfused with ice-cold 0.9% saline and brains were rapidly removed and frozen on dry ice. Plasma samples were isolated via centrifugation (10 min, 1000×*g*, 4 °C) and frozen on dry ice prior to storage at − 80 °C.

Brain lysates were prepared through mechanical dissociation of tissue samples in 600 μl of lysis buffer (10 mM EDTA, 1% Triton-X-100, 1% Protein Inhibitor Cocktail \[Sigma-Aldrich\#8340\] in RNase-free PBS) followed by sonication and centrifugation (4500×*g*, 5 min, 4 °C). Protein concentration was assessed using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) as per manufacturer's protocol, and the final concentration of the samples was adjusted to 1 mg/ml using the lysis buffer. Preparations were carried out at 4 °C, and samples were stored at − 80 °C.

Cytokine concentration in brain lysates and plasma samples were assessed using a Bio-Plex Pro Mouse Cytokine Standard 23-Plex (Bio-Rad) kit in accordance with manufacturers' instructions on a Bio-Plex 200 analyser. For brain samples, the results were normalised to the brain protein concentration.

Antibody-based depletion of circulating monocytes and neutrophils {#Sec10}
-----------------------------------------------------------------

Circulating monocytes and neutrophils were depleted via intraperitoneal (i.p.) administration of GR-1 antibody (clone RB6-8C5, 17 mg/kg; Bio X Cell\# BE0075). Administration commenced 1 h after removal of mice from the hypoxia chamber and was repeated every 48 h thereafter until sacrifice. The antibody dose was selected based on previous work with a similar concentration that demonstrated successful depletion of monocytes and neutrophils in 8--12-week-old mice \[[@CR27]\].

Brain injury analysis {#Sec11}
---------------------

Mice exposed to HI and treated with saline or RB6-8C5 antibody for 2 weeks, as described above, were deeply anaesthetised on P23 (i.e. 14 days after HI for assessing long-term outcome) and transcardially perfused with ice-cold 0.9% saline followed by 4% PFA. Brains were rapidly removed, post-fixed in 4% PFA for 24 h at 4 °C, dehydrated and embedded in paraffin. Brains were then serially cut at 10 μm (at 50-section intervals) on a Leica RM2165 microtome (Leica, SE). Three sections spanning the hippocampus (Fig. [7a](#Fig7){ref-type="fig"}) of each brain were analysed. Antigen retrieval was performed through boiling sections in sodium citrate buffer for 10 min, and non-specific binding was blocked by a 30-min incubation in PBS containing 1% horse serum, 3% BSA and 0.1% NaN~3~. Sections were then incubated with antibodies against microtubule-associated protein-2 (MAP2) (clone HM.2, 1:1000; Sigma-Aldrich) or myelin basic protein (MBP) (clone SMI-94R, 1:10,000; Covance) overnight at 4 °C. Biotinylated secondary antibodies were applied for 1 h at room temperature and visualised using a Vectastatin ABC Elite followed by standard DAB staining. Brain images were captured using a Nikon Optiphot-2 microscope equipped with AVT dolphin F145B camera (Allied Vision Technologies). Percent loss of MAP2-positive tissue was calculated by subtracting the MAP2-positive area in the ipsilateral hemisphere from that measured in the contralateral hemisphere, then dividing the result by the MAP2-positive area of the contralateral hemisphere and converting to percent tissue loss. Percent loss of MBP-positive tissue was calculated in the same manner.

Statistics {#Sec12}
----------

Data are presented as group mean ± standard deviation (SD). Comparisons between ipsilateral and contralateral changes in number of infiltrating cells over time were assessed by one-way ANOVA followed by Holm-Sidak's multiple comparison tests. Differences were considered significant at *\*p \<* 0.05, \*\**p \<* 0.01 and \*\*\**p \<* 0.001. Brain injury comparisons were performed using multiple unpaired Student's *t* tests at each brain level; *p* values were corrected for multiple comparisons using the Holm-Sidak method. Differences were considered significant at \**p* \< 0.05. Analyses were performed using Prism (Graphpad, v.6.05).

Results {#Sec13}
=======

Peripheral immune cells are detected in the CNS for up to 14 days after experimental HI {#Sec14}
---------------------------------------------------------------------------------------

To assess the potential influx of peripheral immune cells to the CNS following HI brain injury, we subjected P9 *lys*-EGFP-*ki* mice to experimental HI, collected tissue at 6 h, 1 day, 3 days, 7 days, 14 days and 28 days after HI and employed flow cytometry to quantitatively assess the presence of EGFP^+^ infiltrating cells in injured vs uninjured cerebral hemispheres. Infiltrating myeloid cells were identified through a stepwise gating strategy: cells were first gated by size and granularity (Fig. [1a](#Fig1){ref-type="fig"}), followed by CD11b (Fig. [1b](#Fig1){ref-type="fig"}) and finally EGFP expression (Fig. [1c](#Fig1){ref-type="fig"}). We found that 99.80% ± 0.06% of cells identified as CD11b^+^EGFP^+^ were CD45^hi^, confirming their peripheral origin (Fig. [1d](#Fig1){ref-type="fig"}). CD11b^+^EGFP^+^ infiltrating myeloid cells were significantly increased in the ipsilateral compared with the contralateral hemisphere at 1 day (*p* \< 0.001), 7 days (*p* \< 0.001) and 14 days (*p* = 0.031) after HI (Fig. [1e](#Fig1){ref-type="fig"}--[g](#Fig1){ref-type="fig"}), with CD11b^+^EGFP^+^ cells respectively constituting 47.65 ± 2.40%, 19.41 ± 3.51% and 8.75 ± 1.56% of the injured hemisphere's total CD11b^+^ cell population (Fig. [1g](#Fig1){ref-type="fig"}).

Different localisation patterns of infiltrating cells were determined at 1 day and 7 days after HI by immunohistochemical staining for EGFP. We further co-localised EGFP^+^ staining with the endothelial cell marker CD31 at 1 day and 7 days after HI to assess parenchymal vs intraluminal localisation. At 1 day, EGFP^+^ myeloid cells show a dispersed pattern of infiltration including invasion of the hippocampus, thalamus (Fig. [2a](#Fig2){ref-type="fig"}) and striatum (Additional file [1](#MOESM1){ref-type="media"}: Figure S1A). In contrast, at 7 days, invading cells showed a spatially distinct dense pattern of infiltration limited to the remaining parts of the hippocampus and hippocampal fimbriae as well as the white matter in the thalamus (Fig. [2b](#Fig2){ref-type="fig"}), with very little infiltration into the striatum (Additional file [1](#MOESM1){ref-type="media"}: Figure S1B). Cortical infiltration was also observed in cases with severe injury at both time points (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 2EGFP^+^ myeloid cell localisation in the brain after hypoxia-ischemia. **a** Representative tile-scanned confocal images of brain sections after hypoxia-ischemia (HI). **a** Dispersed pattern of EGFP^+^ myeloid cell infiltration in the hippocampus and thalamus 1 day after HI. **b** EGFP^+^ myeloid cells localised in the hippocampus and the white matter of the thalamus (medullary lamina of thalamus) in a spatially limited dense pattern 7 days after HI. *n* = 4/time pointFig. 3EGFP^+^ myeloid cells in the brain 7 days after hypoxia-ischemia are Iba-1^−^ and Ly6G^+^. **a** EGFP^+^ cells are distinct from Iba-1-positive cells and display mostly round morphology in the ipsilateral cortex in animals with severe injury at 7 days after hypoxia-ischemia (HI). **b** Round-shaped EGFP^+^ cells are largely Ly6G^+^ and are not associated with CD31^+^ vessels (example from the hippocampus). Scale bars = 100 μm (at low magnification) and 50 μm (at high magnification)

Invading EGFP^+^ leukocytes include cell types of distinct morphologies {#Sec15}
-----------------------------------------------------------------------

As *Lys*-EGFP-*ki* transgenic mice express EGFP in monocytes, MDMs and granulocytes \[[@CR23]\], we employed confocal microscopy in conjunction with immunohistochemistry to investigate the morphological features and protein immunoreactivity of CNS-infiltrating cells 7 days after HI. In animals with severe injury, EGFP^+^ infiltrating cells were present in the cortex and displayed low to negative immunoreactivity for microglial/monocyte marker Iba1^+^ and were commonly round shaped (Fig. [3a](#Fig3){ref-type="fig"}). Similarly, in the injured hippocampus, EGFP^+^ cells were commonly round and expressed the neutrophil marker Ly6G but were not associated with CD31^+^ vessels (Fig. [3b](#Fig3){ref-type="fig"}).

CNS accumulation of inflammatory monocytes and granulocytes after HI follows a temporally biphasic pattern {#Sec16}
----------------------------------------------------------------------------------------------------------

In order to identify subpopulations of infiltrating CD11b^+^EGFP^+^ leukocytes, cells were gated based on their expression of Gr1 and Ly6C, allowing determination of inflammatory monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^int/hi^), resident monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^lo/−^) and granulocytes (CD11b^+^EGFP^+^Gr1^hi^Ly6C^int^) \[[@CR26]\] (Fig. [4a](#Fig4){ref-type="fig"}). Backgating confirmed the relative lack of infiltrating cells in the contralateral hemisphere (Fig. [4b](#Fig4){ref-type="fig"}) and the distinct physical properties of each myeloid subpopulation in the ipsilateral hemisphere (Fig. [4c](#Fig4){ref-type="fig"}), with granulocytes and resident monocytes forming distinct populations based on size and granularity while inflammatory monocytes formed a less homogenous population.

CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^lo/−^ resident monocytes could be detected at significantly greater levels in the ipsilateral hemisphere compared to contralateral levels at 3 days (*p* \< 0.001), 7 days (*p* \< 0.01) and 14 days (*p* \< 0.001) after HI (Fig. [4d](#Fig4){ref-type="fig"}). Inflammatory monocytes were significantly increased in the ipsilateral compared to contralateral hemisphere at 1 day after HI and represented 31.9 ± 1.3% of the ipsilateral hemisphere's total CD11b^+^ cell population (Fig. [4e](#Fig4){ref-type="fig"}; *p* \< 0.001); by 3 days, however, they were no longer detectable above control levels (Fig. [4e](#Fig4){ref-type="fig"}, *p* \> 0.05). A second phase of infiltration occurred after 3 days with significantly more inflammatory monocytes detected at 7 days (*p* \< 0.001) in the ipsilateral compared to the contralateral hemisphere. The infiltration of CD11b^+^EGFP^+^Gr1^hi^Ly6C^int^ granulocytes (Fig. [4f](#Fig4){ref-type="fig"}) largely mirrored that of inflammatory monocytes with the increased number of granulocytes observed in the ipsilateral hemisphere at 1 day (*p* \< 0.001) and 7 days (*p* \< 0.001). Figure [4g](#Fig4){ref-type="fig"} displays an overview of the relative contribution of resident monocytes, inflammatory monocytes and granulocytes to the total population of peripherally derived myeloid cells in the ipsilateral hemisphere at each time point (expressed as percentage of total CD11b^+^ cells). Overall, the temporal pattern of peripheral leukocyte influx was distinctly biphasic, characterised by peak accumulation of inflammatory cells (inflammatory monocytes and granulocytes) at 1 day, relative quiescence at 3 days and renewed infiltration at 7 days.Fig. 4Characterisation of EGFP^+^ cells in the brain after hypoxia-ischemia. EGFP^+^ myeloid cells were identified after hypoxia-ischemia (HI) through the gating strategy presented in Fig. [1](#Fig1){ref-type="fig"}a--c. **a** EGFP^+^ were further characterised based on expression of Gr1 and Ly6C and defined as resident monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^lo/−^), inflammatory monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^int/hi^) and granulocytes (CD11b^+^EGFP^+^Gr1^hi^Ly6C^int^). **b**, **c** Backgating displays the presence of these cell populations in contralateral (**b**) and ipsilateral (**c**) hemispheres at 1 day after HI. **d**--**f** Compiled data demonstrate these cell subtypes in ipsilateral and contralateral hemispheres at 6 h (*n* = 8), 1 day (*n* = 7), 3 days (*n* = 23), 7 days (*n* = 19), 14 days (*n* = 14) and 28 days (*n* = 9) after HI. **g** Stacked bar graph showing the relative contribution of each cell population to the total EGFP^+^ population at each time point. Values are presented as the mean ± SD. One-way ANOVA followed by Holm-Sidak's post hoc test comparing differences between hemispheres at each time point, *\*\*p* ≤ 0.01, *\*\*\*p* ≤ 0.001

Inflammatory cell accumulation in the brain is associated with elevated chemotactic and inflammatory cytokine levels {#Sec17}
--------------------------------------------------------------------------------------------------------------------

To assess whether the temporal pattern of leukocyte infiltration to the brain corresponded to a distinct cytokine profile, we performed a 23-plex multiplex cytokine assay covering the time points assessed in the flow cytometry experiment. At 6 h, before the peak of leukocyte accumulation, a marked increase was observed in several inflammatory cytokines (e.g. IL1a, IL1b and IL6) and chemokines (e.g. KC, MCP1, MIP1a, MIP1b), as well as granulocyte and macrophage growth factors (e.g. G-CSF and GM-CSF), in the ipsilateral hemisphere compared to the contralateral hemisphere (Fig. [5](#Fig5){ref-type="fig"}, Additional file [2](#MOESM2){ref-type="media"}: Figure S2, Additional file [3](#MOESM3){ref-type="media"} and Additional file [4](#MOESM4){ref-type="media"}: Table S1). Several cytokines (e.g. IL1a, IL1b and IL6; Fig. [5](#Fig5){ref-type="fig"}) were also increased in the contralateral hemisphere compared to that in the brains of sham-operated mice. Chemokine levels were similar in the contralateral hemisphere compared with that in the brains from sham-operated mice. Cytokine levels in the ipsilateral hemisphere remained elevated over time, except for the 7-day time point. Most chemokines were reduced to sham levels within 1--3 days and remained at levels similar to those observed in sham-operated animals up to 2 weeks except for KC, which was markedly increased at 14 days after HI (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Temporal characterisation of CNS chemo- and cytokine regulation following hypoxia-ischemia. Inflammatory responses in brain tissue were investigated using multiplex analysis at 6 h, 1 day, 3 days, 7 days and 14 days after neonatal hypoxia-ischemia. Values are pg/mg (picogram cytokine per milligram brain protein) and presented as the mean ± SD. One-way ANOVA followed by Holm-Sidak's post hoc test for comparing the differences between sham-operated mice (blue bar) and contralateral (green bar) and ipsilateral (red bar) hemispheres at each time point. *n* = 5 for sham group and *n* = 8 for HI groups for each time point. *\*p ≤* 0.05, *\*\*p ≤* 0.01, *\*\*\*p ≤* 0.001

Significant differences in plasma cytokine levels between HI mice and sham-operated mice were only detected for G-CSF at 1 day and four cytokines (IL1b, IL3, IL4 and eotaxin) which were elevated at the 14-day time point in HI mice (Additional file [3](#MOESM3){ref-type="media"}: Figure S3 and Additional file [5](#MOESM5){ref-type="media"}: Table S2).

Myeloid cell depletion protects the brain against hypoxic-ischemic injury in male mice {#Sec18}
--------------------------------------------------------------------------------------

To investigate the role of the infiltrating myeloid cells, an antibody-based cell-depleting strategy was employed. Repeated systemic administration of RB6-8C5 blocked accumulation of myeloid cells in the brain after HI (Fig. [6b](#Fig6){ref-type="fig"}, [c](#Fig6){ref-type="fig"}). At 1 day and 7 days after HI, the percentage of CD11b^+^EGFP^+^ infiltrating myeloid cells were significantly lower in the injured hemisphere of antibody-treated mice compared to that in the control mice (Fig. [6d](#Fig6){ref-type="fig"}). Likewise, antibody administration significantly reduced the percentage of inflammatory monocytes (CD11b^+^EGFP^+^Ly6C^hi^) and granulocytes (CD11b^+^EGFP^+^Gr1^+^Ly6C^int^) in the injured hemisphere at both time points (Fig. [6f](#Fig6){ref-type="fig"}, [g](#Fig6){ref-type="fig"}). Interestingly, the percentage of resident monocytes was also lower in antibody-treated mice at the 7-day time point (Fig. [6e](#Fig6){ref-type="fig"}).Fig. 6Depletion of myeloid cells in the injured CNS. **a--c** Using the same gating strategy as described in Fig. [1](#Fig1){ref-type="fig"}a--c and Fig. [4](#Fig4){ref-type="fig"}a, EGFP^+^ cells in the brain after saline injection (**b**) or RB6-8C5 antibody administration (**c**) were identified as resident monocytes (CD11b^+^EGFP^+^Ly6C^lo/−^), inflammatory monocytes (CD11b^+^EGFP^+^Ly6C^hi^) and granulocytes (CD11b^+^EGFP^+^Ly6C^int^). **d**--**g** Compiled data displays the effect of RB6-8C5 antibody administration on the overall CD11b^+^EGFP^+^ cell population (**d**) resident monocytes (**e**), inflammatory monocytes (**f**) and granulocytes (**g**), at 1 day (Sal: *n* = 6; RB6-8C5: *n* = 3) and 7 days (Sal: *n* = 12; RB6-8C5: *n* = 13) after hypoxia-ischemia in the ipsilateral and contralateral hemispheres. Values are presented as mean ± SD. One-way ANOVA followed by Holm-Sidak's post hoc test was used for comparing the differences between the contralateral and ipsilateral hemispheres at different time points. *\*p ≤* 0.05, *\*\*p ≤* 0.01, *\*\*\*p ≤* 0.001

Next, we asked whether inhibition of myeloid cell accumulation in the brain affects the HI injury. Treatment with RB6-8C5 significantly reduced loss of MAP2-positive neuronal tissue in male mice (*p* \< 0.05, Fig. [7a](#Fig7){ref-type="fig"}, [b](#Fig7){ref-type="fig"}), but not in female mice (Fig. [7c](#Fig7){ref-type="fig"}). There was no significant change in loss of MBP-positive area (i.e. myelinated area) in either male (Fig. [7d](#Fig7){ref-type="fig"}, [e](#Fig7){ref-type="fig"}) or female mice (Fig. [7f](#Fig7){ref-type="fig"}).Fig. 7Neuroprotection in males only following myeloid cell depletion. Brain tissue was immuno-labelled for neuronal and white matter tissue using antibodies against MAP2 and MBP, respectively, and tissue loss was measured 14 days after hypoxia-ischemia in mice treated with saline (male *n* = 17; female *n* = 19) or RB6-8C5 antibody (male *n* = 14; female *n* = 20). **a** Representative images of MAP2-stained sections of the brain at three levels (L1--L3) obtained from male mice treated with saline or RB6-8C5 after HI. **b**, **c** RB6-8C5 antibody treatment reduced the MAP2+ neuronal tissue loss in male (**b**) and but not in female (**c**) mice. **d**, **e** Representative images of MBP-stained sections of the brain at three levels (L1--L3) obtained from male mice treated with saline or RB6-8C5 after HI. **e**, **f** RB6-8C5 antibody treatment did not significantly affect the MBP+ myelin loss in male (**e**) and female (**f**) mice. Values are presented as the mean ± SD. Brain injury comparisons were performed using multiple unpaired Student's *t* tests at each brain level; *p* values were corrected for multiple comparison using the Holm-Sidak method. *\*p ≤* 0.05

Discussion {#Sec19}
==========

In this study, we utilised the *Lys-*EGFP*-ki* mouse model, in which myeloid cells generated through definitive but not primitive haematopoiesis express EGFP \[[@CR23], [@CR28]\], to characterise the presence of peripherally derived myeloid cells in the injured CNS after neonatal HI. We show that EGFP-positive leukocytes home to the injured hemisphere and are morphologically distinct from CNS microglia and demonstrate a temporally biphasic pattern of inflammatory cell infiltration occurring over a background of stable resident monocyte infiltration. Further, we show that depletion of these cells reduces grey matter injury in male mice.

Myeloid cell accumulation has been demonstrated in numerous neonatal models of sterile brain injury \[[@CR29]\] \[[@CR10], [@CR11], [@CR30]--[@CR32]\]. While identification of granulocytes in the CNS is relatively straightforward, discrimination of MDMs and MiDMs has presented a greater problem due to their similar characteristics and common expression of cell surface epitopes \[[@CR15], [@CR16]\]. *Lys*-EGFP-*ki* transgenic mice express EGFP in monocytes, MDMs and granulocytes \[[@CR23]\] allowing unambiguous identification of CNS-infiltrating cells and therefore discrimination of MDMs and MiDMs by flow cytometry and microscopy \[[@CR28]\].

Our immunohistochemical investigation indicated extravasated EGFP^+^ cells as early as 24 h after HI, with cells dispersed throughout the ipsilateral hemisphere. Later at the 7-day time point, there was a close correlation between peripheral myeloid cell accumulation and well-characterised areas of cerebral injury that has previously been described in the neonatal HI model \[[@CR33]\]. Microscopic examination of EGFP^+^ cells in the cortex at 7 days revealed distinct morphological characteristics of invading cells, which displayed few processes and low Iba1 immunoreactivity. Although qualitative in nature, this data reflects recent observations made following experimental autoimmune encephalomyelitis in CCR2-RFP/CX3CR1-GFP mice \[[@CR17]\], where unlike the highly ramified microglia, MDMs were elongated or spindle shaped, smaller and rarely had processes. EGFP^+^ cells often co-localised with Ly6G^+^ cells but not with CD31^+^ blood vessels (Fig. [3b](#Fig3){ref-type="fig"}), supporting that these cells were peripherally derived myeloid cells.

We have previously shown marked expansion of the CD11b^+^ cell population in the brain after neonatal HI \[[@CR34]\]. Using quantitative flow cytometry-based analysis of CD11b^+^EGFP^+^ cells, our data indicates that a significant proportion of this CD11b^+^ cell population in the ipsilateral hemisphere consists of infiltrating myeloid cells, ranging from 28 to 48% of the total CD11b^+^ cells at 1 day after HI. The difference in percentage of infiltrating cells between experiments is likely due to the variability in the HI model. However, overall, our data indicates a larger response than that observed by Denker et al. in a neonatal stroke model where accumulation of 10% CD45^hi^CD11b^+^ cells was observed at 1 day after MCAO \[[@CR32]\]. The discrepancies in the different models may result from the utilisation of different strategies for the identification of infiltrating leukocytes, inherent differences of the rat neonatal stroke and mouse HI models, but also variability in respective models.

Further characterisation of the CD11b^+^EGFP^+^ cell populations based on differential expression of Ly6C and Gr1 facilitated discrimination of resident monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^lo/−^), inflammatory monocytes (CD11b^+^EGFP^+^Gr1^lo/−^Ly6C^int/hi^) \[[@CR25]\] and granulocytes (CD11b^+^EGFP^+^Gr1^hi^Ly6C^int^) \[[@CR26]\]. The two pro-inflammatory cell types identified, inflammatory monocytes and granulocytes, displayed temporally similar expression patterns with peak accumulation seen at 1 and 7 days after HI but with no significant increase at 3 days and a minimal but detectable presence at 14 days, suggesting distinct phases of accumulation and clearance.

Previous studies examining neutrophil accumulation after neonatal HI reported varying results. Several studies demonstrated neuroprotective effects by depleting neutrophils before HI \[[@CR12], [@CR13], [@CR35]\], suggesting an important role of neutrophils in injury development. One of these studies, however, was unable to show consistent hemispheric differences in myeloperoxidase (MPO) activity, number of MPO positive cells and number of anti-neutrophil serum-positive cells \[[@CR12]\]. Nijboer et al. demonstrated increased MPO activity at 24 h and up to 48 h \[[@CR13]\], and identification and quantification of neutrophils in H&E-stained sections revealed increased neutrophil counts at 12 h, but not at 24 h--35 days \[[@CR11]\]. Our data complements the above described studies by displaying increased post-ischemia granulocyte accumulation as assessed in an unbiased and quantitative fashion.

The distinct peaks of inflammatory cell accumulation detected at 1 day and 7 days suggest distinct phases of infiltration and clearance, presumably by CNS resident macrophages. These observations are partially supported by previous studies: Winerdal et al. demonstrated peak CD11b^+^CD86^+^ macrophage presence at 1 day and 7 days, with reduced levels at 3 days after neonatal HI in mice \[[@CR36]\], and in adult rats, distinct peaks of neutrophil engulfment by macrophages were observed 3 days and 15 days post-ischemia \[[@CR37]\]. Speculatively, these studies suggest distinct phases of influx and phagocytic clearance of infiltrating inflammatory cells. Resident monocytes, by contrast, were detected at lower and more stable levels. This pattern of infiltration may be due to a slower accumulation of resident monocytes coupled with a lesser degree of phagocytic clearance: a fate that is in light of the proposed reparatory phenotype of these cells \[[@CR20], [@CR38]\].

Previous microarray data from our laboratory indicated peak expression of several chemokines in the brain, including CCL2, CCL7, CCL3 and CXCL1 at 8 h post-HI, with reduced levels at 3 days (the latest time point assessed), presumably produced by endogenous brain cells \[[@CR8]\]. Thus, we now hypothesised that increased chemokine expression in the brain could attract peripheral immune cells. However, the multiplex analyses conducted in this study failed to demonstrate a correlation between elevated cytokine and chemokine levels and the temporal pattern of leukocyte accumulation. This was particularly apparent at the early time points where marked increases in chemokine levels were observed at 6 h, while peak leukocyte accumulation occurred at 24 h after HI. These data thus suggest that increased chemokine expression precedes cell accumulation. Hence, by the time significant cell accumulation can be detected, the chemokine gradient might have already started to fade away. In support, there was also no evidence of cytokine and chemokine changes in the brain at 7 days after HI, when the second phase of leukocyte accumulation was identified. However, we cannot exclude the possibility that a second wave of infiltration was due to cytokine/chemokine gradients between days 3 and 7. The lack of correlation between CNS inflammation and infiltrating cells could also be due to that we only investigated the overall response in the whole brain. It is possible that specific cell types/brain structures, for example the response in the vasculature, are more directly correlated to outcome. Further, interestingly, a number of cytokines/chemokines were increased in the brain even 14 days after HI. For example, KC showed a biphasic pattern of increase after HI, with the first and second phase at 6 h and 14 days after HI, respectively. It is unclear how this long-term CNS inflammation may have affected outcome. Previous studies using the neonatal HI model have shown a progressive cerebral atrophy which is only apparent from approximately 2 weeks after the initial injury \[[@CR39]\]. Thus, it would be of interest to, in future experiments, investigate both inflammatory responses and immune cell infiltration over a more prolonged period of time and in specific brain/vascular structures.

In addition to chemokine gradients, the physiological status of the brain barriers may affect the magnitude of the leukocyte accumulation. However, we have previously shown an increase in blood-brain barrier permeability at 6 h and 24 h, but not at 7 days following neonatal HI \[[@CR40]\]. These results suggest that other mechanisms are likely to be involved in the second wave of leukocyte accumulation. The choroid plexus has been shown to be the route of entry for T~H~17 lymphocytes into the brain following inflammation-sensitised neonatal HI \[[@CR38]\]. We recently showed that following systemic inflammation, induced by a toll-like receptor 2 agonist, marked leukocyte infiltration occurred through the choroid plexus \[[@CR41]\]. Thus, it is possible that the trafficking across the choroid plexus may have contributed to the second wave of leukocyte accumulation.

Recruitment of peripheral neutrophils, monocytes or lymphocytes aggravates the damage in animal models of multiple sclerosis \[[@CR42], [@CR43]\], stroke \[[@CR37], [@CR44], [@CR45]\] and epilepsy \[[@CR46]\]. We have demonstrated that systemic activation of toll-like receptor 2 induces infiltration of leukocytes, mainly neutrophils and inflammatory monocytes, to the developing brain of mice and exacerbates HI brain injury \[[@CR41], [@CR47]\]. In contrast, a previous study in adult animals reported that a subtype population of monocytes homes to the injury site via the choroid plexus following spinal cord injury and contributes to the resolution of inflammation \[[@CR48]\]. Therefore, current evidence suggests that invading leukocytes can play both detrimental and beneficial roles depending on their subtype, the nature of the injury and potentially age.

We found that the systemic depletion of neutrophil and monocyte populations inhibits their accumulation in the brain following HI and reduces the neuronal injury in males. The role of inflammatory cells in ischemic injury of the brain is controversial \[[@CR49]\]. Recently, accumulation of neutrophils in the human brain after adult stroke has been documented \[[@CR50]\], supported by similar observation in a mouse model of stroke \[[@CR50]\]. Moreover, depletion of neutrophils has been shown to reduce the infarct size in a rat model of brain ischemic injury \[[@CR51]\]. However, in a focal ischemic stroke rat model, depletion of neutrophils failed to reduce the brain injury \[[@CR52]\]. Our results, particularly the gender-dependent aspect, corroborate the complex role leukocytes play in ischemic injuries. Accumulating evidence illustrates gender-related differences in immune responses to infection and injury in adults and newborns, which was attributed to effects of various sex hormones as well as of differences on the sex chromosome \[[@CR53]\]. In adult mice, induction of certain cytokines in the brain was stronger in males in systemic inflammation models and in an experimental autoimmune encephalomyelitis model \[[@CR54], [@CR55]\]. In neonatal mice (P4), there are more microglia colonised in the brain of males than in females \[[@CR56]\]. Very recently, it was discovered that microglial response to environmental challenges is sex-specific \[[@CR57]\]. There are also differences between male and female in the quantity and function of neutrophils and monocytes \[[@CR58]--[@CR61]\]. Further, inflammatory responses and injury outcome after neonatal HI have been reported to diverge according to gender, with enhanced inflammation, microglia activation and monocyte infiltration in males compared to females \[[@CR62], [@CR63]\]. Therefore, it is not surprising that many neuroprotective agents for neonatal brain injury, such as the antibody treatment in the present study, act in a sex-specific manner \[[@CR64]--[@CR67]\].

In conclusion, we have assessed accumulation of peripherally derived myeloid cells in the immature CNS in response to experimental HI. We detected significant infiltration with highest levels of invading cells at 1 day after hypoxia-ischemia. Additionally, we demonstrate two distinct phases of inflammatory cell accumulation occurring over a background of stable resident monocyte accumulation. Moreover, inhibiting myeloid cell accumulation in the brain was shown to be neuroprotective in male mice. Our findings merit renewed interest in the roles of MDMs and polymorphonuclear leukocytes in the long-term aspects of neonatal brain injury.

Conclusion {#Sec20}
==========

By using *Lys*-EGFP-*ki* mice, allowing identification of peripheral myeloid cells in the brain, we demonstrate a temporally biphasic pattern of inflammatory monocyte and granulocyte infiltration after neonatal hypoxia-ischemia. Antibody-mediated depletion of circulating myeloid cells reduced immune cell accumulation in the brain and reduced neuronal loss in male but not female mice. This study offers new insights into sex-dependent central-peripheral immune communication following neonatal brain injury and merits renewed interest in the roles of granulocytes and monocytes in brain lesion development.
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Additional file 1:**Figure S1.** EGFP^+^ myeloid cell localisation in the brain after HI. Representative tile-scanned confocal images of brain sections after HI. EGFP^+^ myeloid cells markedly infiltrate the striatum 1 day (A) but not 7 days (B) after HI. *n* = 4. (PDF 7477 kb) Additional file 2:**Figure S2.** Cytokine measurements in the brain after HI. Multiplex cytokine measurements in the brain at 6 h, 1 day, 3 days, 7 days and 14 days after neonatal hypoxia-ischemia (HI) or sham operation. Values are pg/mg protein and presented as the mean ± SD. The statistical results are presented in Additional file [4](#MOESM4){ref-type="media"}: Table S1. (PDF 172 kb) Additional file 3:**Figure S3**. Cytokine measurements in plasma after HI. Multiplex cytokine measurement in plasma at 6 h, 1 day, 3 days, 7 days and 14 days after neonatal hypoxia-ischemia (HI) or sham operation. Values are pg/ml and presented as the mean ± SD. The statistical results are presented in Additional file [5](#MOESM5){ref-type="media"}: Table S2. (PDF 172 kb) Additional file 4:**Table S1.** Statistical analysis of multiplex cytokine measurement in the brain after HI. One-way ANOVA followed by Holm-Sidak's post hoc test for comparing the differences between sham-operated mice and HI mice in the contralateral and ipsilateral hemispheres at each time point. *n* = 5 for sham group and *n* = 8 for HI groups. ns: not significant, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. (PDF 138 kb) Additional file 5:**Table S2.** Statistical analysis of multiplex cytokine measurement in plasma after HI. Student's *t* test followed by Holm-Sidak's post hoc test to correct for multiple comparisons between sham-operated mice and HI mice at each time point. *n* = 5 for sham group and *n* = 8 for HI groups. ns: not significant, \**p* \< 0.05. (PDF 164 kb)

BSA

:   Bovine albumin serum

CNS

:   Central nervous system

EGFP

:   Enhanced green fluorescent protein

HBSS

:   Hanks' Balanced Salt Solution

HI

:   Hypoxia-ischemia

MAP 2

:   Microtubule-associated protein-2

MBP

:   Myelin basic protein

MDM

:   Monocyte-derived macrophages

MiDM

:   Microglial-derived macrophages

MPO

:   Myeloperoxidase

P

:   Postnatal day

PFA

:   Paraformaldehyde

TBS

:   Tris-buffered saline
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